Hemodialysis is associated with significant circulatory stress that could produce recurrent and cumulative ischemic insults to multiple organs, such as the brain. We aimed to characterize hemodialysis-induced brain injury by longitudinally studying the effects of hemodialysis on brain white matter microstructure and further examine if the use of cooled dialysate could provide protection against hemodialysis-associated brain injury. In total, 73 patients on incident hemodialysis starting within 6 months were randomized to dialyze with a dialysate temperature of either 37°C or 0.5°C below the core body temperature and followed up for 1 year. Brain white matter microstructure was studied by diffusion tensor magnetic resonance imaging at baseline and follow-up (38 patients available for paired analysis). Intradialytic hemodynamic stress was quantified using the extrema points analysis model. Patients on hemodialysis exhibited a pattern of ischemic brain injury (increased fractional anisotropy and reduced radial diffusivity). Cooled dialysate improved hemodynamic tolerability, and changes in brain white matter were associated with hemodynamic instability (higher mean arterial pressure extrema points frequencies were associated with higher fractional anisotropy [peak r=0.443, P,0.03] and lower radial diffusivity [peak r=20.439, P,0.02]). Patients who dialyzed at 0.5°C below core body temperature exhibited complete protection against white matter changes at 1 year. Our data suggest that hemodialysis results in significant brain injury and that improvement in hemodynamic tolerability achieved by using cooled dialysate is effective at abrogating these effects. This intervention can be delivered without additional cost and is universally applicable.
Cognitive, psychologic, and functional abnormalities are well recognized in patients on hemodialysis (HD). Deficiencies in memory, executive function, and language are described in this population. 1, 2 Psychiatric disorders, such as depression, are far more prevalent in patients on HD compared with a population of the same age. 3, 4 The 1-year risk of developing multi-infarct dementia in patients on HD is 7.4 times higher than that of the general population. 4, 5 More importantly, the initiation of HD was found to be associated with a sharp decline in cognitive and functional status. 6 There is now strong emerging evidence that the procedure of HD itself triggers significant recurrent circulatory stress. 7 This circulatory stress is the result of interaction between complex hemodynamic factors, leading to perfusion anomalies in vulnerable vascular beds. 8 Myocardial hypoperfusion and myocardial stunning manifested as regional wall motion abnormalities during HD have both been described. 9, 10 The effects of HD on the brain remain largely unexamined. We hypothesized that the same process occurs in other vulnerable vascular beds, such as the brain. Using a novel hemodynamic model (extrema points analysis), 11 we showed that the frequencies of mean arterial BP extrema points increase during HD to peak during the third quarter of HD 12 and that higher frequencies were found to be associated with neurocognitively significant established white matter (WM) damage in patients on HD. 13 One of the most important interventions to improve hemodynamic performance during HD is the reduction of the dialysate temperature. Systematic review confirmed that reducing the dialysate temperature improves hemodynamic stability and reduces symptomatic intradialytic hypotension (IDH). 14 This evidence was later supported by studies that showed reduction in myocardial stunning expressed as regional wall motion abnormalities and improvements in cardiovascular performance when reducing the dialysate temperature. 15, 16 These beneficial effects of using a lower dialysate temperature are thought to be mainly driven by improved systemic vascular resistance; one study suggested higher production of nitric oxide when using a dialysate temperature of 37.5°C compared with a cooled dialysate. 17 However, the long-term effects of cooling the dialysate on vulnerable vascular beds are still unknown. Optimal temperature for the dialysate is also not known. Dialysis at 35°C was reported to have poor tolerability 15 ; however, dialyzing at 0.5°C below core body temperature removes cold symptoms but provides a similar degree of protection against cardiac stunning. 18 Diffusion tensor imaging (DTI) is a molecular magnetic resonance imaging (MRI) technique that allows the study of brain WM structural integrity. The random motion of water molecules within biologic tissues is restricted by cell membrane, cytoskeleton, and macromolecules. Therefore, it is possible to obtain information about tissue microstructure simply by observing the motion of water molecules. The tensor of water molecules diffusion can be decomposed into three orthogonal eigenvectors and three eigenvalues. The diffusion of water molecules in a highly organized tissue, such as the brain, can be represented in each voxel by anisotropy and diffusivity. Fractional anisotropy (FA) is a measure of diffusion directionality, and therefore, it represents the integrity of WM tracts. Diffusivity represents the degree of random water motion and is also sensitive to WM structural damage. 19 Diffusivity along the direction of maximal diffusion is called axial diffusivity (AD), which is equal to the first eigenvalue ʎ1. Diffusion along the two orthogonal directions perpendicular to the main diffusion direction is called radial diffusivity (RD) and expressed as the average of the second and third eigenvalues [RD=(ʎ 2 +ʎ 3 )/2]. DTI has been shown to be sensitive in detecting subtle (but functionally significant) ultrastructural abnormalities in WM (in cerebral small vessel disease but also, multiple sclerosis, bipolar disorder, and schizotypal personality disorder [20] [21] [22] [23] ).
In this randomized clinical trial, we aimed to test the hypothesis that HD is associated with progressive WM ultrastructural injury and that it is amenable to protection by reducing HD-induced circulatory stress by cooling the dialysate.
RESULTS

Enrolment and Follow-Up
Of 223 patients on incident HD screened, 29 patients did not meet the eligibility criteria. Of 194 eligible patients, 121 patients did not consent for the study. The main reason given was inconvenience, because many patients felt that they wanted to adjust to being on HD. There were no statistically significant differences in age and sex between those who consented and those who did not (57.5614.9 versus 61.5622.3 years, P=0.26) and women (35.1% versus 41.3%, P=0.59). The remaining 73 patients entered the study and were randomized accordingly. At the end of the study, there were 38 patients who completed the brain part of the trial and had paired DTI images at baseline and 12 months. Of 73 patients who consented, 8 patients withdrew from the trial after consenting, 2 patients relocated to difference regions, 1 patient became pregnant, 3 patients withdrew their consent to have MRI at baseline, 3 patients had intercurrent illness that prevented imaging, and 2 patients had unexpected deaths. During the follow-up period, eight patients had inadequate brain DTI images, six patients received transplants, and two patients did not want to have a second brain MRI, which was in the trial flow chart (Figure 1 ). The characteristics of the trial cohort are summarized in Table 1 , which shows that both groups were well matched. There were no differences in the characteristics of those who completed the study and those who dropped out, which is shown in Supplemental Table 1 . Finally, we compared the FA, RD, and AD of brain WM between the two randomized groups at baseline using tractbased spatial statistics (TBSS) and found no differences between the two groups.
The Longitudinal Effect of HD on Brain WM Microstructure The effect of HD on brain WM microstructure was studied by comparing all brain images paired at baseline and follow-up. Age, sex, and presence of ischemic heart disease and diabetes mellitus were incorporated into the design matrix to account for these factors. Aggregating both groups, we found an increase in FA at follow-up compared with baseline images, which is shown in Figure 2 (P,0.05 corrected for family-wise error [FWE] ). Mean FA of the highlighted statistically significant voxels increased from 0.39860.036 at baseline to 0.41360.042 at 12 months. However, RD decreased at follow-up compared with baseline (P,0.05 corrected for FWE) (Figure 2 ). Mean RD of the highlighted statistically significant voxels decreased from 0.0006360.0000692 10 The Effects of Cooling the Dialysate on Brain WM Microstructure In the group that dialyzed with a dialysate temperature of 0.5°C below their core body temperature, there were no statistically significant changes in FA, RD, or AD between baseline and 12 months (mean FA at baseline=0.27160.023; mean FWE at 1 year=0.26960.031, P.0.05 corrected for FWE). However, the group that dialyzed at 37°C had increased FA at 12 months compared with baseline (P,0.05 corrected for FWE), which is shown in the statistical image ( Figure 3 ). In this group, mean FA of the highlighted statistically significant voxels increased from 0.43260.0298 at baseline to 0.45260.0318 at 12 months. Moreover, using the John Hopkins University atlas for WM tracts, we found statistically significant voxels in 18 of 20 regions represented by this atlas; the FA means of the statistically significant voxels in each region and their percentages are presented in Table 2 .
A voxel-wise analysis using a general linear model (GLM) approach was used to compare the two groups at baseline and 1 year. At baseline, there was no difference in FA between the two groups (mean FA=0.27360.022 in the control group versus 0.27160.023 in the intervention group, P.0.05 corrected for FWE). However, at 1 year, mean FA was higher in the control group that dialyzed at 37°C compared with the group that dialyzed at 0.5°C below their body temperature (mean FA=0.28260.021 versus 0.26960.031, respectively, P,0.05 corrected for FWE). In the statistically significant voxels between the two groups at 1 year, the control group had a mean FA of 0.47460.030 compared with 0.44960.040 in the intervention group (P,0.05 corrected for FEW), which is shown in Supplemental Figure 1 .
Hemodynamic Performance and Brain WM Integrity
Repeated measures ANOVA showed that the group that dialyzed at 37°C had a significant increase in mean arterial pressure (MAP) extrema points frequencies at 1 year, whereas the intervention group did not [F (3, 89984) =4.72, P=0.003] (Figure 4) . Furthermore, in a voxel-based analysis, the correlation between MAP extrema points frequency during HD on one hand and FA and RD on the other hand was examined using TBSS. Higher MAP extrema points frequencies were associated with higher FA (peak r=0.443, P,0.03) and lower RD (peak r=20.439, P,0.02). The voxels with statistically significant correlations are presented in Supplemental Figure  2 . The number of IDH episodes did not correlate with any changes in FA, RD, or AD.
DISCUSSION
Few previous studies examined brain WM microstructure in patients on HD using DTI compared with normal controls. 24, 25 These studies reported decreased FA and increased mean diffusivity and RD in patients on HD compared with age-matched controls, indicating established WM damage. However, the lack of a longitudinal design in these studies does not allow any causality inference linking HD as a process to WM damage. Furthermore, these studies did not have any hemodynamic measurements to examine the mechanisms involved. This study is the first with an appropriate design to longitudinally examine the specific effects of HD on brain WM integrity and the capacity to reduce injury with a dialysis-based intervention by reducing circulatory stress.
The temporal evolution of diffusion of water molecules in ischemic stroke is well described in experimental animal models and humans. In the acute and subacute phases of brain ischemia, diffusivity of water molecules decreases, whereas diffusion anisotropy has been described in many studies to increase. In experimental animal stroke models, a decrease in diffusivity measures (mean diffusivity, RD, and AD) has been described in the hyperacute and acute phases, with an increase in FA in the first few hours after inducing an ischemic stroke. 26, 27 In humans, a similar pattern of increased FA has been described in the first 7 hours after an ischemic stroke, which starts to reduce within 21-29 hours. 28, 29 Similar to the findings in animal models, reductions in all diffusion eigenvalues have been described in humans during the acute phase of an ischemic stroke. [28] [29] [30] [31] These changes are thought to be related to the cytotoxic edema that results from ischemia.
We found similar WM changes to the ones described above comparing scans from all patients at baseline with their scans at 12 months. In our study, FA increased, whereas RD decreased, and there was no change in AD. These changes seem to correlate with a higher frequency of change in peaks and troughs of MAP (extrema points). We have previously shown that, in patients on HD, higher MAP extrema points frequencies (indicative of greater hemodynamic instability) correlated with established brain WM damage. 13 The degree of brain injury was directly correlated to the degree of reduction in both neurocognitive testing scores. We also showed that, during HD, MAP extrema points frequencies increase gradually to peak during the third quarter of the dialysis session and remain at that level in the fourth quarter 12 (previous studies identify this finding as the period of peak hemodynamic stress). The pattern that we found in this study of increased FA and reduced RD is rather unexpected, because these changes have been described in acute ischemic stroke within ,24 hours. The MRI imaging at baseline and follow-up was performed on a nondialysis day within ,24 hours from the dialysis session, and therefore, it is plausible that our findings-indicating acute ischemia -are related to the previous dialysis session, which then was exacerbated over 1 year of HD treatment. This finding supports the hypothesis that patients on HD are susceptible to recurrent acute ischemic brain insults that result from HD-induced circulatory stress, which is analogous to that observed previously in the myocardium. 9,10 Furthermore, it is also plausible that higher extrema points frequencies are implicated in end organ damage, possibly by inducing acute injury at first that then develops into established damage. In the group that dialyzed at 0.5°C below their core body temperature, there were no changes in brain WM FA, AD, or RD, and the MAP extrema points frequencies for this group did not significantly change at 12 months. The opposite was observed in the group that dialyzed at 37°C, where FA and MAP extrema points frequencies increased significantly at 1 year. Reducing the dialysate temperature is a very simple intervention with no cost that seems to have a significant effect on hemodynamic stability, organ perfusion, and end organ damage in this population, which is burdened with impaired hemodynamic regulatory functions. The hemodynamic stress of HD seems to induce changes in brain WM consistent with acute ischemia. HD at an individualized temperature of 0.5°C below core body temperature leads to better hemodynamic stability during HD and preservation of WM microstructure.
Our study has limitations. The sample size is small, which is a result of difficulties in recruiting patients on incident HD. Starting dialysis is a critical period in this population as they try to adjust to this major change, which was the reason that restricted many patients from participating in the study. The study has a high dropout percentage of 47.9%. This result was not related to the intervention, because it was tolerated very well; reasons for this dropout are summarized in Figure 1 . The small sample size and the high dropout rate might limit the generalizability of the trial.
This patient group seems to be resistant to the application of interventions derived from the study of the non-CKD population designed to target improved cardiovascular outcomes. This study provides the first evidence that application of dialysis-based intervention improves HD tolerability (derived from an emerging understanding of the interaction of HD treatment in the pathophysiology of accelerated end organ injury) and directly abrogates critical organ injury. This study justifies additional larger-scale testing of dialysis-based interventions to reduce the burden of morbidity and mortality in HD.
CONCISE METHODS
Study Design
The study was a randomized clinical trial, where patients were randomized to dialyze with a dialysate temperature of either 37°C or 0.5°C below the core body temperature determined from the mean of six prior treatment sessions with a tympanic thermometer. The followup period of the trial was 12 months. The study involved four dialysis centers, and ethical approval for the trial was obtained from the Nottingham Ethics Committee for all participating centers before study initiation and patient enrolment. The study was performed in accordance with the Research Governance Framework, International Conference on Harmonization Good Clinical Practice Guideline, and the 2000 Scotland Revision of the Declaration of Helsinki. The protocol of the study has been previously published in full. 32 
Participants
Recruitment for the trial commenced in September of 2009; the study completed recruiting 73 patients on dialysis in January of 2012, and the follow-up of the last patient was completed in January of 2013. Inclusion criteria for the trial were (1) patients having HD treatment at least three times per week, (2) patients willing and able to provide consent, and (3) men and women age$16 years old. Exclusion criteria were (1) exposure to HD for .180 days, (2) contraindications for using MRI (e.g., patients with pacemakers and metal implants), (3) inability to tolerate MRI because of claustrophobia, (4) New York Heart Association grade IV heart failure, (5) pregnancy or lactating, and (6) mental incapacity to consent. All participants provided written informed consent before any trial-related procedure occurred. Adverse effects and safety of the intervention were monitored during the trial. The intervention was very well tolerated by the participants, and there were no adverse events related to the intervention.
Randomization and Blinding
Randomization was done in a single block by sealed envelopes generated by an independent statistician. The study was unblinded as appropriate; the dialysate temperature needed to be iteratively entered by the dialysis machine operator, Region-of-interest analysis using John Hopkins University WM labels atlas showing the changes in means of FA at baseline and 1 year of each region stratified by treatment group; percentages of the statistically significant voxels in each region are also presented. L, left; R, right. and images were analyzed, anonymized, and blinded to treatment allocation.
Sample Size Estimation
To our knowledge, there have not been any trials that used DTI in patients on HD and analyzed the data using threshold-free cluster enhancement. Although such data are not available to enable an estimation of the treatment effect, this vanguard trial will provide an estimate from which to decide if future studies are warranted.
Hemodynamic Assessment during HD
Noninvasive continuous beat-to-beat hemodynamic monitoring was performed during HD using the Finometer (Finapres Medical Systems, Arnhem, The Netherlands). The Finometer works by continuous pulsewave analysis at the digital artery and uses the finger-clamp method, in which changes in digital arterial diameter are detected by means of an infrared photoplethysmograph 33 and opposed by an ultrafast pressure servo controller that changes pressure in an inflatable air bladder, both of which are mounted in a finger cuff. Arterial waveforms are generated and measured on a beat-to-beat basis and used to reconstruct a central aortic waveform by a validated transfer function. 34 
Extrema Points Analysis Model
We used a novel mathematical treatment of beat-to-beat hemodynamic parameters obtained by continuous monitoring during HD. We have previously described this model in detail. 11 In brief, BPs generated by each heart beat constantly vary between local peaks and troughs (local extrema), the frequency and amplitude of which are regulated to maintain optimal organ perfusion. We have shown that patients on HD display higher MAP extrema frequencies, potentially resulting in higher variation in organ perfusion and detrimentally challenging perfusion to vulnerable vascular beds. Using Matlab and Simulink (R2011a; MathWorks, Natik, MA), the frequency of MAP extrema points was computed for each subject on HD and used in image statistical analysis using GLM.
IDH
IDH was defined as a reduction of 10% in systolic BP from the predialysis level. Using a Matlab (R2011a; MathWorks) script, systolic BP data obtained from the finometer were averaged every 5 minutes and compared with the predialysis level. A drop of 10% was identified as an IDH episode, and the number of IDH episodes during HD was computed.
Brain DTI
DTI imaging was performed on a nondialysis day on enrolment and then repeated 1 year later. Imaging was performed in a 1.5T MRI scanner (GE SignaHDxt 1.5T; GE Healthcare, Milwaukee, WI). A standard quadrature head coil was used. DTI sequences used a single-shot echoplanar imaging in 12 diffusion-sensitized directions, each with a b factor of 1,000 s mm
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, field of view of 24 cm, two interleaved series of four repeats, each containing 25 2.8-mm slices with no gap, and repetition time/echo time of 12,000/80 with matrix=96396.
Image Processing and Image Statistical Analyses
All images were analyzed using FSL5 software package, a comprehensive library of tools for the analysis of MRI and DTI brain imaging data created by Analysis Group (Oxford, United Kingdom; http://fsl. fmrib.ox.ac.uk/fsl).
All images were realigned to remove eddy current distortions. 35, 36 Diffusion tensor elements were computed at each voxel using the FMRIB Diffusion Toolbox program by creating a brain mask using Brain Extraction Tool software 37 and then fitting the diffusion tensor model to obtain FA, AD, and RD maps. 38 
TBSS
Voxel-wise statistical analysis was performed using TBSS. Nonlinear registration aligning all FA data to a 13131-mm standard space image (FMRIB58_FA image) was performed. The mean FA image was then created and thinned to create a mean FA skeleton, which represents the centers of all tracts common to the cohort. Each subject's aligned FA data were then projected onto this skeleton.
Image Voxel-Wise Statistical Analyses
Image voxel-wise statistical analysis randomize software was used to perform voxel-based statistical analysis of the skeletonized data. Paired t test was used to compare baseline and follow-up images. The effect of the intervention was examined using a repeated measures ANOVA model, and the model was constructed with images of each individual at baseline paired with those at 12 months according to group allocation. Because age, sex, and presence of diabetes mellitus and ischemic heart disease are important predictors of WM structural integrity, they were included in the design matrix and defined in the design contrast as covariates to correct for variation related to these factors. Time between the MRI scans at baseline and follow-up was also included as a covariate in the model. The number of permutations for all statistical analyses was set at 10,000, and correction for multiple comparisons was achieved using threshold-free cluster enhancement. Voxels were deemed significant at P,0.05, and all reported P values in the paired t test and ANOVA model were corrected for FWE.
A GLM was used to assess the difference between the two groups at 1 year. The model included age, sex, presence of ischemic heart disease and diabetes mellitus, and time elapsed between the baseline and follow-up MRI scans as covariates. GLM was also used to examine the correlation between brain WM FA, RD, and AD on one hand and the frequency of MAP extrema points during HD and the number of IDH episodes on the other hand. Baseline and 1-year follow-up images were paired in the design matrix. The design contrast was set to examine both positive and negative correlations. Peak correlation coefficient (peak r) was calculated from the t-map using the fslmaths program.
WM tracts were divided into 20 areas according to the John Hopkins University WM labels atlas by creating masks for each area. All averages and SDs were extracted from images using fslmaths and fslstats programs.
Statistical analysis was performed using SPSS, version 19 (IBM SPSS Statistics, Inc.). An a-error at 0.05 was judged to be significant. Normality was assessed using the Kolmogorov-Smirnov test, histograms, and normal Q-Q plot. Normally distributed data were presented as means6SDs; non-normally distributed data were presented as medians (interquartile ranges). Categorical data were expressed as counts and percentages. Unadjusted data were analyzed using independent sample t tests for normally distributed variables, Mann-Whitney U tests for nonparametric variables, and chi-squared or Fisher exact tests for categorical variables. Repeated measures ANOVA was used to compare MAP extrema points frequencies during HD across all subjects at baseline and follow-up. This comparison was done in Matlab (R2011a; MathWorks) using the N-way ANOVA and the multiple comparison test functions.
